We present a tunable delay element that is inherently insensitive to free-carrier loss and achieves up to nanosecond delays even when tuned slowly. This will enable electrically tunable buffers on a silicon chip.
Introduction
Passive optical delay lines have a fundamental tradeoff between the bandwidth they can accept and the amount of delay they can deliver. In order to break this limit the delay element needs to be dynamically tuned from an initially large bandwidth state (small delay) to a narrow bandwidth state (large delay) [1] . Recently such a system was demonstrated on a silicon chip using an all-optical analogue of electromagnetically induced transparency (EIT) [2] . However, the amount of delay that was demonstrated was limited to less than one-hundred picoseconds because of loss induced by the free-carrier tuning mechanism. In addition, the EIT device fundamentally needs to be tuned from the low-to-high bandwidth states faster than the photon lifetime of the low bandwidth state (10's of picoseconds) in order to store an appreciable amount of light in the system. These two issues are fundamental to the EIT structure because the same cavities must be used for three separate functionalities -capture, storage and release of a pulse. Here we propose a novel solution to these problems by separating these three functionalities into separate cavities. As a result we show delay that can be continuously varied over more than a nanosecond. In addition, storage is achieved even when the system is tuned slowly (more than 100 picoseconds). Such a slow tuning time will allow for the realization of the proposed delay element using "slow" electronic tuning of the cavities [3] . Our proposed scheme for achieving tunable delay is shown in Fig. 1 . It consists of three rows of ring resonators. The first and last rows are used to capture/release a pulse of light into/from the system. The middle row is the low loss storage unit where the light circulates until it is released. The system works as follows: 1) Capture: Light is input into the large bandwidth capture switch. The capture ring initially has the same resonant wavelength as the storage unit so light automatically couples into the storage unit. 2) Store: Once the light is completely in the storage unit the resonant wavelength of the capture switch is detuned by injecting free-carriers (ring color changes from green to blue in Fig. 1b) . This effectively decouples the light from the input/output waveguides, which significantly reduces the bandwidth of the system. By separating the capture and storage elements the light is effectively isolated from the free-carrier loss used to tune the system. This is consequently key to achieving the large and low loss delays demonstrated here. 3) Release: In order to release the signal, carriers are injected in the release switch, which puts it in resonance (color changes from red to green in Fig. 1c ) with the storage unit and now couples light out of the storage unit and into the output waveguide.
Device Analysis
The results of the analysis of the delay device are shown in Fig. 2 . We used both coupled-mode theory and FDTD simulations to characterize its performance. Initially an input Gaussian pulse (blue in Fig. 2a ) of duration 100ps centered at the resonant wavelength (λ=1.53µm) of the capture switch is injected into the system. Once the signal in the storage unit reaches a maximum (t~240ps, red curve in Fig. 2a) , carriers are injected (ΔN=5E17cm-3 resulting in an index change of 1.7E-3, with a modal field absorption coefficient of α fc =3.62cm -1 ) into the capture switch in order to shift it off resonance and effectively decouple the light in the storage unit from the outside. The light is now trapped in the storage unit (seen as the very slow decay of the red signal in Fig. 2a) because the inputs/outputs of the two rings comprising it are effectively fed-back onto each other as seen in the FDTD simulation in Fig. 2b . The inherent storage time is directly determined by the loss of the storage unit. With the recent introduction of very low loss silicon waveguides and silicon microdisk resonators [4, 5] storage times of more than several nanoseconds are possible. Once the pulse is captured it can be released at any time, here we chose at t=1.2ns shown in green in Fig.  2a , by tuning the release switch to be on-resonance with the storage unit through the injection of carriers. We analyzed the effect of free-carrier absorption on the release switch and found it had a negligible effect because of the very short interaction time of the pulse in the output ring. Lastly, we analyzed the system when no switching was used and found it had an intrinsic storage time of only 50 picoseconds. Therefore, switching from a low-Q to high-Q state is critical for storing signals beyond the time-bandwidth limit. In Fig. 2a it was assumed that the tuning of the switches was instantaneous. However, it is seen in Fig. 2c that even when the system is tuned as slowly as 0.1 nanosecond the output signal is minimally changed. While not shown here we found there is a minimal impact even when the input signal is half the duration (50 ps) of the switch tuning time. This relative insensitivity to switching time is inherent to the de-coupling of the switching and storage units in our design; the light is stored long enough in the storage rings that the slow tuning of the switches has a minor impact (seen as the very slight reduction in the red storage signal in Fig. 2c at t~240ps ). Lastly, we should note that tuning speeds at least twice as fast as used here are possible with the latest silicon electro-optic modulators [3] .
In conclusion, we have presented a design for a tunable delay element that is inherently insensitive to loss and tuning time. These properties will enable for the first time an electrically driven variable optical delay line, which is a critical need for on-chip optical interconnects. The efficiency of our device is about 20% and is limited by the use of single resonators for the switching elements as is well known in other dynamically tuned resonator systems [2, 6] . The overall efficiency can be increased by implementing the switches using coupled resonators, which has an additional benefit of maintaining the pulse shape [2, 7] . Lastly, the power requirements of the device can be minimized by optimizing the coupling coefficients of the the rings.
